Abstract
GNU Radio
GNU Radio is an open source software. Operated on general-purpose processor, GNU Radio realizes the baseband signal process, including modulation, demodulation and operations relative to waveform of signal [6] [7] . In GNU Radio, an object-oriented high level programming language, Python, can be used to program the signal processing flow chart, which is composed of several signal processing modules with specific functions. As shown in Figure 1 , Python is used to program the top-level module of the GNU Radio. The top-level module calls the underlying module via Simplified Wrapper and Interface Generator (SWIG) [8, 9] . In the platform, C++ is adopted to program signal processing module, which has strict requirement for real-time. And the graphical signal processing flow chart is programmed by GNU Radio Companion (GRC), similar to Simulink, a graphical interface tool.
USRP
USRP is composed of a FPGA mother board and one or several daughter board covering different frequency range so as to complete general-purpose operations, such as digital up/down convert, sampling and interpolation. USRP supports multiple software platforms, for example, GNU Radio， Labview and Matlab/Simulink. Compared with other Software Radio Peripherals like HackRF and bladeRF, USRP has advantages of broad bandwidth, high sampling precision, rapid sampling rate and supporting full duplex [10, 11] . In addition to a long transmission distance of USRP, its transmission rate reaches up to 1Gbps by adopting ethernet interface. Therefore, USRP can be used as radio frequency front-end for the test platform. Figure 2 shows the signal processing flow of the transmitter of the test platform. Firstly, data and signals are generated, including Cell-specific Reference Signal (CRS), Primary Synchronization Signal (PSS) and Secondary Synchronization Signal (SSS). Secondly, Quadrature Phase Shift Keying (QPSK) modulation is used to modulate the data. Thirdly, LTE radio frame is generated according to the specification of resource mapping. Fourthly, the transmitter makes Inverse Fast Fourier Transform (IFFT) on radio frame, inserts Cyclic Prefix (CP) into the front of the data, generating Orthogonal Frequency Division Multiplexing (OFDM) symbol. Finally, the generated radio frames are transmitted one after another as OFDM symbol by USRP Tx. Figure 3 shows the signal processing flow of the receiver of the test platform. The solid line represents the data flow while the dotted line is the information flow. After receiving radio frames, the USRP Rx corrects the frequency offset calculated by module at first. Through message_passing, the frequency offset is fed back to the module for correcting it to achieve the correction of the received data. Then the CP is located to get its location information, which are used for removing CP and calculating the frequency offset. After CP being removed, the data are transformed from time-domain to frequency-domain by Fast Fourier Transformation (FFT). Next, the synchronization of transmitter and receiver can be achieved by utilizing PSS and SSS. Channel estimation is realized by Cell-specific Reference Signal (CRS), and the estimated results can be used to compensate the amplitude and phase of the received data. After that, the module decides the received data, and then outputs the decision in a certain data format.
The Procedure of Signal Processing at the Transmitter and Receiver

The Synchronization of the Platform
The synchronization of transmitter and receiver can be achieved by using LTE physical synchronous signal. LTE physical layer is used for cell search, and then the user terminal can achieve synchronization and identification. The synchronous signals of LTE physical layer include PSS and SSS. Each synchronous signal lasts 1 OFDM symbol in time-domain, and occupies 1.08MHz of the central downlink bandwidth in frequency domain [12] [13] [14] . As shown in Figure 4 , one radio frame comprises 10 subframes, numbered from 0 to 9. And one frame is composed of 20 slots, numbered from 0 to 19, while each slot consists of 7 OFDM symbols, 0-6. Each frame comprises 140 OFDM symbols. It also has two PSS and SSS. And in one frame, two PSS are the same while the SSS are not for the first half frame, SSS_sub0, is different from the second half frame, SSS_sub5. SSS_sub0 is the SSS of number 0 subframe, while SSS_sub5 is that of number 5.
Half-Frame Synchronization
As shown in Figure 5 , at first, PSS is used to achieve the half frame synchronization of transmitter and receiver. Then the receiver correlates the received 70 OFDM symbols one by one with the PSS generated in local receiver, getting 70 correlation values. PSS is included in the OFDM symbol corresponded to the highest correlation value, which should be numbered 6 consequently in the half-frame. However, the received 70 OFDM symbols are not exact half-frame. Therefore, we need Equation (1) to calculate the numbers.
Real number for OFDM symbol = 76 -The number for OFDM symbol of current half-frame (1) After the procession of find_pss module, the receiver locates PSS. And beginning with the next half-frame, the receiver outputs the real number for OFDM symbol, achieving half-frame synchronization.
Symbol Synchronization
Then the symbol synchronization of transmitter and receiver can be achieved by using SSS. The symbol synchronization means that the receiver correctly numbers 140 OFDM symbols of each radio frame from 1 to 140. The receiver uses the processing results of find_pss module, correlates the received OFDM symbol numbered 5 with SSS_sub0 and SSS_sub5 generated in local receiver respectively, and then stores the correlation values into Corr_f_0 and Corr_f_5. If Corr_f_0 > Corr_f_5, the half frame including current OFDM is the first half, then the number generated from the find_pss module is directly output. Otherwise, it is the second half, and then the generated number should be shifted by half frame. After the consecutive procession of the find_pss and find_sss modules, the symbol synchronization of transmitter and receiver is achieved at last. While using the received the data of the half frame, 70 OFDM symbols, the receiver correlates them one by one with the three kinds of PSS sequences generated in local receiver, resulting in 210 correlation values, and then compares them. If the highest correlation value is among the first 70 values, the After the procession of the find_pss module, the half frame synchronization is achieved, so the receiver can number the received OFDM symbols from 1 to 70. Meanwhile, it locates the PSS included in the current half frame. From the Figure 4 , the OFDM symbol including PSS is numbered 6, and PSS/SSS is located in two consecutive OFDM symbols, thus, the number for SSS is 5. The receiver correlates the OFDM symbol numbered 5 with 168 kinds of SSS sequences generated in local receiver one by one, obtaining 168 correlation values. By comparing them, we can get the highest correlation value. Correspondingly, in this situation, the SSS of OFDM symbol numbered 5 is the same with the kind of the 168 SSS sequences, which exactly corresponds to the highest correlation value. Then we can obtain the value of 
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Test Results
The test platform chooses USRP N210 from Ettus Research TM Company as the RF front-end for the BS and radio terminal. Using Dell Power Edge T620 as the Central Processing Unit (CPU), GNU Radio is installed into the CPU to process baseband signal. The transmit power of RF front-end is 46dBm, system bandwidth is 10MHz, central frequency is 2.4GHz, the sampling rate of USRP 16.67MHz and antenna gain 3dBi with single antenna transmitting and receiving.
Figure 7. The Signal Processing Flow Chart of Test Platform
As shown in Figure 7 , the find_sss module output OFDM symbol numbers one by one to the following modules. The find_pss and find_sss module consumes 70 OFDM symbols respectively, then the half frame and symbol synchronization can be achieved. Therefore, the 140 OFDM symbols included in the first radio frame should be output 140 zeros correspondingly.
In Figure 8 , we can see the test results of Synchronization of the test platform. As shown in Fig. 8 (a) , after the half frame and symbol synchronization, the receiver of the platform numbers the OFDM symbols correctly. In the process of the half frame and symbol synchronization, the receiver output 0. After the synchronizations, the synchronous module output the numbers of OFDM symbols from 1 to 140 periodically. As demonstrated in Figure 8 (b) , after the receiver finish numbering each OFDM symbol of one frame, it numbers that of the next frame from 1 to 140. Finally, the synchronization of transmitter and receiver of the platform is achieved. We also develop a GUI to monitor the real-time system performance in the experiments. The GUI of platform is programmed by WxPython as shown in Figure 9 . This figure is a snapshot of the real-time experiment results from GUI display when the platform is working. The received baseband signals, the demodulated signals before turbo decoding, the throughput, and the Bit Error Rate (BER) at each UE are shown from left to right, respectively. We use color blue to represent UE 1 and color red to represent UE 2. In addition, the green column in the throughput figure is the sum of the throughputs of UE 1 and UE 2 in order to represent the total system throughput. The experiment results demonstrate that both small cell UE 1 and macro cell UE 2 can receive the signals normally.
Figure 9. A Snapshot of the Real-Time Experiment Results from GUI
The throughput and BER of the users are two important performance indexes. Figure 10 shows the BER of users in Heterogeneous Networks (HetNet) without and with enhanced Inter-Cell Interference Coordination (eICIC). In this figure, the horizontal axis is about the change of time and the vertical axis shows that of BERs. Figure 11 shows the throughput of users in HetNet without and with eICIC. The horizontal axis reveals the change of time and the vertical axis shows that of user throughputs.
In the situation without eICIC, the communication rates of both small cell UE 1 and macro cell UE 2 are about 450 Kbps. However, the BER of UEs is as high as 30-40% due to the inter-cell interference. Therefore, UEs cannot communicate properly. When the eICIC is used at about the 10 th second, user BER drops significantly. At the same time, the throughput of users decreases slightly from that without eICIC to about 300 kbps because there are some subframes carrying no data. The slight decline of throughput of the users causes the obvious decrease of BER. The throughput of the users decline slightly and the BER decreases obviously, in return.
Copyright ⓒ 2016 SERSC Figure 12 shows the constellations before and after the phase correction. Platform uses QPSK modulation. After synchronization and Fast Fourier Transformation (FFT), the receiver obtains a frame data. The positioning error of the FFT window leads to the rotation of constellation point. While the Inter-Carrier Interference (ICI) leads to cloud divergence of constellation. As a result, the band-shaped ring is formed as in Figure 12 (a) . After the phase correction is adopted, constellation points of the received data are 
Conclusions
We design and implement a test platform for real-time mobile communication technology. The platform is constructed by GNU Radio and USRP based on SDR. The platform has advantages of flexibility, general structure, modularity, extensibility, portability and being improved or extended easily, meaning that it can be used to test and verify the evolving mobile communication technologies. The operating result shows that the test platform achieves the synchronization of transmitter and receiver, and it also reflects real influence on the synchronization of the platform, which is exerted by the channel environment and interference.
